ity allows ballistic transport over micrometerlength scales at ambient temperatures (19) , and the lack of a bandgap makes graphene p-n junctions highly transparent (5, 17, (20) (21) (22) (23) (24) (25) (26) (27) ) compared with conventional semiconductors. However, experimental demonstration of electron lensing in graphene junctions has remained conspicuously difficult to realize: Separating the junction response from mesoscopic effects (such as contacts and boundary scattering) in transport experiments has proven difficult, whereas direct probe techniques (28) (29) (30) have not provided real-space mapping of transmission across a junction. Here, we demonstrate that by using a transverse magnetic focusing (TMF) measurement scheme in a splitgate device, we are able to isolate and measure directly the relationship between the incident and refracted electron trajectories.
For electrons, conservation of the transverse component of the momentum vector k across the junction leads to the Snell's law relation k 1 sinq 1 ¼ k 2 sinq 2 , where q 1 and q 2 are the incident and refracted angle with respect to the boundary normal, and the Fermi wave vector k i ¼ ffiffiffiffiffiffiffi pn i p replaces the optical index of refraction. Because the group velocity is defined by the energy band dispersion v ¼ dE=dðℏkÞ, its sign changes between the valence and conduction bands, making it parallel to the Fermi momentum for n-type carriers, but antiparallel for p-type. In the case of a p-n junction, the transverse component of the group velocity must change sign to conserve momentum (Fig. 1A) , and a negative refraction angle results. Figure 1 , A and B, illustrates the device structure used to test this relation. A sample with a junction separating areas of different carrier density is contacted by multiple electrodes in both regions. Under a transverse magnetic field, injected electrons undergo cyclotron motion with a radius determined by the Lorentz force. In the absence of a junction, a resonant conduction path (measured as a voltage peak) is realized when the cyclotron radius is half the distance between the current and voltage electrodes, corresponding to the condition B ¼ j ⋅2ℏ ffiffiffiffiffi ffi pn p =eL, where j is the resonant mode number (physically corresponding to the number of half circles that fit between the electrodes), e is the electron charge, B is the magnetic field, L is the distance between the electron emitter and voltage detector, and n is the charge-carrier density (31) . In a split-gate geometry, the resonant path depends on the carrier density in each region and can be considered separately for the three distinct scenarios shown in Fig. 1B : (i) equal density (n-n or p-p): the junction is fully transparent and there is no refraction, recovering the same resonance condition given above; (ii) same carrier type but unequal density (p-p′ or n-n′): positive refraction across the boundary, resulting in a deviation of the resonance condition but with carriers still focused to the voltage probe on the same side of the sample; and (iii) p-n′ (unequal electron-hole densities): negative refraction occurs and there is a change in the sign of the Lorentz force, causing the charge carriers to be focused to the voltage probe on the opposite side of the sample. The sample geometry fully determines the relation between the magnetic field, B, and charge densities, n 1 and n 2 , of the two gated regions [for analytic relations defining each of the lowest resonant modes, see (32) ]. For all three cases, varying the magnetic field changes the angle of incidence (q 1 ) at the boundary, whereas varying the carrier density on the right side changes both the angle of refraction (q 2 ) and the cyclotron radius on the right side. Thus, by mapping out the resonance condition for transmission between the injection and collection electrodes, we can effectively measure q 2 as a function of q 1 to directly verify Snell's law for both positive and negative refraction. An optical micrograph and schematic cross section of a typical device measured in this study are shown in Fig. 1C . Monolayer graphene was encapsulated in boron nitride (h-BN); half of it was placed across a few-layer graphite bottom gate that was previously exfoliated onto an oxidized, heavily doped Si wafer. The heterostructure was then plasma etched into a rectangular shape and side-contacted using previously described techniques (33) . Independently voltagebiasing the bottom layer graphite and doped-silicon gates allows us to realize a split-gate p-n junction (Fig. 1B) . Because a naturally cleaved graphite edge is used, the junction is expected to be atomically smooth (32) .
In the TMF measurement, electrons are injected at one side of the graphite-gated region and collected at an electrode on the opposing side, whereas the voltage is measured across parallel electrodes in the Si-gated region (Fig. 1A) . Figure 2A shows a typical result, in which the four-terminal resistance is acquired at constant hole density in the injection region (V graphite = -1 V, corresponding to a density of 6.76 × 10 11 cm
) as a function of detection side gate voltage (V Si ) and magnetic field. For the p-p′ configuration, both the fundamental resonance and multiple higher-order resonant peaks appear. The resonance paths can not be fit to a simple B ∼ ffiffiffi n p dependence ( fig. S4 ), with the most notable deviation a pronounced kink in the second-order resonance. For positive Si gate values (p-n′ configuration), only the lowest-order resonance mode is observed, with all higher orders apparently suppressed. The resonance peak is opposite in sign compared with the p-p′ case. This is a direct signature of carrier focusing to the upper voltage terminal.
A detailed simulation of electron trajectories using a semiclassical Billiard model (34, 35) was performed and compared to experiment (32) . In this model, electrons are injected from the source at randomly distributed angles, weighted by a normal distribution of standard deviation s inj = p/15. By following their cyclotron trajectories across the junction (junction roughness is not included in the model), the probabilities of reaching the voltage probes are calculated. Transmission across the junction is modeled assuming the electronic Snell's law and momentum filtering (20, 25) . Figure 2B shows the difference in probability between the two voltage leads from our simulation using identical conditions as the experiment data in Fig. 2A . The simulation matches well with the general features of our experimental data for both p-p′ and p-n′ cases, reproducing the trajectory of all higher-order resonances in the p-p′ condition, as well as the existence of only a single mode, with opposite sign for the p-n′ case. Simulation reveals that the kink in the p-p′ case results from electrons hitting the edge of device at the junction ( fig.  S9 ). For p-n′, only the lowest order is observed as the number of electrons reaching the upper electrode reduces exponentially owing to a filtering effect every time electrons cross the p-n junction (18, 27) . There is some discrepancy in the higher-order p-p′ resonances between experiment ( Fig. 2A) and simulation (Fig. 2B) . We believe that this is caused by the uncertainty in the fabricated device geometry (~50 nm), finite contact width (~300 nm), and edge roughness ( fig. S11 ), all of which become increasingly important as the cyclotron radius approaches a similar length scale.
In both the experimental and simulated data sets, the trajectory of the lowest-order resonance is well captured by our geometric model (dashed lines in Fig. 2, A and B) . In Fig. 2D , the peak position is shown as a function of B and n 2 for both p-p′ (red circles) and p-n′ (blue circles). Also plotted are similar data points acquired by synchronizing the gates to maintain matched carrier density, giving the trajectory of the p-p (green circles) and n-n (yellow circles) response (see fig. S5 ) for the magnetic focusing in the matched density regime). The theoretical resonant peak positions calculated from the geometric model are shown as solid and dashed lines. Excellent agreement is found between the peak positions and the theoretical curves for all four cases. In generating the theoretical curves, we use as inputs only the sample geometry (length L = 4.05 mm and width W = 3.95 mm) and the gate efficiencies as extracted from Hall effect measurements (32), so that effectively there are no free parameters. We have repeated this measurement with three devices of varying sizes and with various gate configurations, all giving similar results ( fig. S6 ). For any combination of B, n 1 , and n 2 , the device geometry dictates the intersection of the electron trajectory with the junction. For each point along the first-order resonant peak in Fig. 2A , we can therefore deduce the angle between the charge-carrier trajectory and the boundary normal in each region. In Fig. 2E , the corresponding values of k i sinðq i Þ for each region are plotted. The data show a linear relation with unity slope, confirming the expected Snell's law relation for electrons. For the case of opposite carrier type, the relation shows a negative unity slope, unambiguously confirming negative refraction.
Because the points along the resonance mode can be correlated with the incidence angle, comparing the peak intensity at each point provides a measure of the angular-dependent transmission coefficient across the junction. The transmission probability across a p-n junction is theoretically determined by a chiral tunneling process between SCIENCE sciencemag.org 30 the bands and depends strongly on both the incidence angle and effective junction width (20, 25, 36) . For a symmetrically biased junction, the transmission probability is given by (20)
where q is the incident and refracted angle, k F is the graphene Fermi wave vector on two sides, and d is the junction width. In Fig. 2F , the normalized peak intensity for the p-n′ resonance curve is plotted versus incident angle, with the blue circles and solid red line deduced from the experimental and simulated data sets, respectively. In our simulation, the transmission probability for each electron trajectory at the boundary was calculated using a more generalized form of Eq. 1 that allows for asymmetric bias (25) [for more detail, see section 1.2 in (32)].
We compared experimental results with simulated responses for varying junction widths ( fig.   S13A ), finding excellent agreement for d = 70 nm (Fig. 2F) . This is consistent with our device geometry, where we anticipate a junction width on the order of 60 nm by electrostatic modeling ( fig. S14) . Various s inj were also tested in our simulation, but no dependence was found (fig. S15). Our results provide strong experimental support for an angle-dependent transmission coefficient given by Eq. 1, which can be viewed as the electron equivalent of the Fresnel equations in optics, relating the transmitted and reflected probability intensities. Our findings further demonstrate that wide junctions result in selective collimation (17, 20, 23, 26) of the electron beam compared with abrupt junctions with zero width (solid black line in Fig. 2F) . A striking consequence of negative refraction in graphene is Veselago lensing, in which a planar p-n′ junction focuses diverging electrons (5). Recent transport measurements suggest evidence of this effect (37) , but the response is weak, appearing in the signal derivative. Good agreement between our simulation and measurement for magnetic focusing allows us to use the same model to revisit zero-field focusing across p-n′ junctions. In Fig. 3 , the transmission coefficient for our device is calculated from simulation for varying junction widths d. We find that, owing to the strong reflection of non-normally incident electrons, the transmission decays rapidly with increasing d, and, indeed, to realize transmission of 50% compared with an abrupt junction requires the d to be less than 5 nm. This experimental constraint provides one explanation for why Veselago-type lensing has been difficult to achieve in previous devices and suggests that scaling the p-n′ junction width to the few-nm limit is an important criteria for realizing electron optics based on negative refraction in graphene. Finally, owing to the interest in electron focusing for technological applications, we consider temperature-dependent effects. Figure 4 , A and B, shows the height of the resonant peaks as a function of magnetic field at various temperatures for p-p′ and p-n′ cases, respectively. It is observed that the peak signal vanishes at around 70 K, coinciding with the temperature at which the graphene mean free path becomes comparable to the resonant path length (~7 mm) in our devices (33) . At room temperature, graphene remains ballistic over length scales in excess of 
